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In this issue of Developmental Cell, Infante et al. (2015) compare regulatory DNA sequences in mice, lizards,
and limbless snakes to reveal widespread sharing of enhancer activity in developing limbs and genitalia.
Genetic deletion of a limb-genital enhancer demonstrates that common regulatory elements affect develop-
ment of both appendages.The transition of vertebrates from an
aquatic to a terrestrial environment
required major adaptations in locomotion
and reproduction and resulted in the evo-
lution of limbs and external genitalia.
Commonalities in the development of
these anatomical structures include
shared signaling pathways and gene
expression similarities (Tschopp et al.,
2014), suggesting an evolutionary link be-
tween the two appendages. In this issue
of Developmental Cell, Infante et al.
(2015) provide compelling evidence for
shared cis-regulatory activities between
developing limbs and genitalia. Many
limb-specific enhancers have been identi-
fied in mammals (Cotney et al., 2013).
Here, Infante et al. (2015) use limbless
snakes to show that the sequences of
many of these enhancers can be retained,
even when the anatomical structures
where they are active have vanished.
These results further highlight the plas-
ticity of amniote gene-regulatory activities
and demonstrate that shared regulatory
architectures can contribute to the devel-
opment of limbs and external genitalia.
Despite their somewhat disparate mor-
phologies, outgrowth of both limbs and
genitalia during embryonic development
can depend on common genes, such as
the posterior HOXD and HOXA clusters
(Kondoetal., 1997), andmutations in these
developmental regulators lead to disor-
ders such as the human hand-foot-genital
syndrome (Mortlockand Innis,1997).More
recently, it was revealed that these loci
have similar regulatory topologies in
developing limb buds and genital tubercle
(GT) (Lonfat et al., 2014). The chromatin
architecture involved promoter-enhancer
interactions that were shared in the twoappendages, as well as some specific to
either tissue. Further analysis of the shared
interactions suggested that some limb en-
hancers could also function in developing
genitalia. Moreover, a recent comparison
of genital development in mice and squa-
mates reported co-expression of many
genes in limbsandgenitalia andsuggested
ancestral commonalities in the develop-
mental mechanisms leading to the two
structures (Tschopp et al., 2014).
Infante and colleagues (2015) set out to
determine the extent to which genital
and limb transcriptional networks may
deploy common cis-regulatory elements
(Figure 1). They reasoned that shared reg-
ulatory activity between limbs and genital
enhancers could lead to retention of limb
regulatory sequences in limbless species.
Specifically, testing the sequence conser-
vation of a set of mouse enhancers with
known limb activity in squamate genomes
showed that DNA sequences of mouse
limb enhancers are often retained in
snakes—in fact, sequence conservation
of these enhancers was similar in the
genomes of limbed and non-limbed squa-
mates. This result prompted the authors
to re-evaluate the tissue specificity of
limb enhancers in developmentally
matched forelimb, hindlimb, and GT of
mice by profiling genomic locations where
lysine 27 on histone H3 is acetylated
(H3K27ac). This histone mark identifies
active regulatory regions, such as pro-
moters and enhancers (Creyghton et al.,
2010). Previously validated limb en-
hancers provided a convincing set of
candidate regions, where enrichment of
H3K27ac was commonly shared in limb
and GT samples but largely absent in
those of non-appendage tissues.Developmental CellThemaps of enhancer activity in mouse
limbs and GT show that almost half of
either forelimb or hindlimb regulatory ele-
ments can be active in genitalia. By
profiling the same tissues in Anolis lizard
embryos, the authors further identified
whether tissue specificity of enhancer ac-
tivity is conserved in orthologous squa-
mate regions; this analysis showed signif-
icantly lower conservation for enhancer
activity restricted to developing genitalia.
These results suggest a higher evolu-
tionary turnover of GT-specific regulatory
elements versus those active in limb or
limb-GT.
The authors continue in more detail by
focusing on HLA and HLB, a pair of en-
hancers targeting the hindlimb develop-
mental gene TBX4 (Naiche and Papaioan-
nou, 2003), which is also expressed in the
GT. The activity of both HLA and HLB is
conserved in Anolis and mouse, but
whereas HLA activity is restricted to the
limb, HLB is active in both limbs and geni-
talia. Infante and colleagues (2015)
employ transgene expression in mouse
embryos to show that HLB snake se-
quences do not drive limb expression,
but have retained partial activity in the
GT. Consistent with this result, engineer-
ing of a HLB deletion in mice leads to de-
fects in the development of both limbs
and genitalia. Detailed functional analyses
further demonstrate pleiotropic roles of
this enhancer, including defects in non-
appendage tissues such as the kidney.
The analysis by Infante et al. (2015) rai-
ses a number of questions for follow-up
investigation. The interesting observa-
tions on the transgenic activity of snake
HLB sequences suggest that limb en-
hancers can be repurposed in species35, October 12, 2015 ª2015 Elsevier Inc. 3
Figure 1. Regulatory Commonalities between Developing Limbs and Genitalia
Inspired by the sequence conservation of limb enhancers in snake genomes, Infante et al. asked whether
regulatory activities in developing limbs and genitalia may have more in common than previously thought.
Profiling of enhancer activity in limbs and genital tubercle (GT) from mice and lizards revealed shared
regulatory elements in the two appendages (limb-GT enhancers). Analysis of a TBX4 enhancer sequence
in snakes demonstrates that such limb-genital enhancers can be repurposed in limbless species by
maintaining activity in developing genitalia. Mya, million years ago.
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Previewsthat have evolved limb loss, and future
work should analyze the activity of these
sequences in snakes (or other limbless
vertebrates) to determine how often this
repurposing occurs in the GT as opposed
to other tissues. Moreover, subsequent
studies exploiting the unique anatomy of
squamates to understand genetic evolu-
tion would benefit from a strategy that in-
cludes Anolis (instead of mouse) as the
primary reference species. First, snake
developmental biology and subsequent
anatomy is much more related to lizards
than mammals (Tschopp et al., 2014).4 Developmental Cell 35, October 12, 2015 ªSecond, the evolutionary distances of
mouse-Anolis-Serpentes (Figure 1) are
approximately the same as mouse-
opossum-chicken, which would facilitate
comparative functional genomics using
commonly deployed tools and ap-
proaches (Cotney et al., 2013). These rea-
sons are part of why comparing data from
a query species to data from both in- and
out-group species is a powerful and long-
utilized method in comparative genomics
(Necsulea and Kaessmann, 2014). Care-
fully designed cross-species analyses
of enhancer activity should also clarify2015 Elsevier Inc.whether regulatory elements in the
GT may be evolving faster than limb
enhancers.
In sum, Infante et al. (2015) add to the
growing evidence for dynamic regulatory
activity in vertebrate evolution (Vierstra
et al., 2014), where the frequency and
mechanisms dictating repurposing of
tissue-specific regulatory regions are an
increasingly exciting area of investigation.REFERENCES
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